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Abstract.  Microtubules in the cytoplasm of rat Sertoli 
cell stage VI-VIII testicular seminiferous epithelium 
were studied morphometrically by electron micros- 
copy. The Sertoli cell microtubules demonstrated ax- 
onal features, being largely parallel in orientation and 
predominantly spaced one to two microtubule diameters 
apart,  suggesting the presence of microtubule-bound 
spacer molecules. Testis microtubule-associated proteins 
(MAPs) were isolated by a taxol,  salt elution proce- 
dure.  Testis MAPs promoted microtubule assembly, 
but to a lesser degree than brain MAPs. High molecu- 
lar weight MAPs, similar in electrophoretic mobilities 
to brain MAP-1  and MAP-2,  were prominent compo- 
nents of total testis MAPs, though no shared im- 
munoreactivity was detected between testis and brain 
high molecular weight MAPs using both polyclonal 
and monoclonal antibodies.  Unlike brain high molecu- 
lar weight MAPs, testis high molecular weight MAPs 
were not heat stable.  Testis MAP composition, studied 
on postnatal days 5,  10,  15, and 24 and in the adult, 
changed dramatically during ontogeny. However, the 
expression of the major testis high molecular weight 
MAP, called HMW-2, was constitutive and indepen- 
dent of the development of mature germ cells. The 
Sertoli cell origin of HMW-2 was confirmed by iden- 
tifying this protein as the major MAP found in an en- 
riched Sertoli cell preparation and in two rat models 
of testicular injury characterized by germ cell deple- 
tion.  HMW-2 was selectively released from testis 
microtubules by ATP and co-purified by sucrose den- 
sity gradient centrifugation with MAP-1C,  a  neuronal 
cytoplasmic dynein.  The inhibition of the microtubule- 
activated ATPase activity of HMW-2 by vanadate and 
erythro-(2-hydroxy-3-nonyl)adenine and its proteolytic 
breakdown by vanadate-dependent UV photocleavage 
confirmed the dynein-like nature of HMW-2. As 
demonstrated by this study, the neuronal and  Sertoli 
cell cytoskeletons share morphological,  structural  and 
functional properties. 
T 
HE neuron is a very asymmetrical  cell with multiple 
long processes, the dendrites and the axon. A striking 
feature of the neuronal cytoskeleton is its highly regu- 
lar organization.  The microtubules in dendrites and nonmye- 
linated  axons  are  uniformly  distributed,  parallel  to  each 
other and to the axis of the cell process, and equidistantly 
spaced apart (Wuerker and Kirkpatrick,  1972). High molec- 
ular  weight  microtubule-associated  proteins  (MAPs)'  are 
likely responsible for this regular microtubule arrangement 
in  neuronal  processes (Hirokawa  et al.,  1985;  Vallee and 
Bloom, 1984). 
Two high  molecular  weight  MAPs,  called  MAP-1 and 
MAP-2, are major components of isolated neuronal microtu- 
bules (Olmsted,  1986;  Sloboda et al.,  1975) and  are as- 
sociated with  neuronal  microtubules in situ  (Hirokawa  et 
al.,  1985; Izant  and  Mcintosh,  1980).  Further analysis  of 
these neuronal  high molecular weight MAPs has  indicated 
1. Abbreviation  used in this paper:  MAP,  rnicrotubule-associated  protein. 
the presence of multiple MAP-1 and MAP-2 proteins (Bloom 
et al.,  1984;  Kim et al.,  1979).  Of particular  interest  is 
MAP-1C, now identified as a cytoplasmic dynein (Paschal et 
al., 1987) which may be responsible for retrograde organelle 
transport  in the axoplasm  (Paschal  and Vallee, 1987). 
The Sertoli cell, the supportive cell of the testicular semi- 
niferous epithelium,  is also a highly asymmetrical  cell. The 
Sertoli cell is columnar in form with multiple processes that 
radiate from a basal trunk toward the lumen of the seminifer- 
pus tubule to partly or completely surround  the developing 
germ cells (Fawcett, 1975; Russell et al., 1983; Weber et al., 
1983; Wong and Russell,  1983). Qualitatively, the morpho- 
logical arrangement  of microtubules in the apical Sertoli cell 
cytoplasm  is reminiscent  of that in the axoplasm  (Fawcett, 
1975; Vogl et al.,  1983a,b). 
Although  immunological  approaches have demonstrated 
cross reactivity  of antibodies  against MAP-1 and MAP-2 in 
nonneuronal  tissues  (Valdivia et al.,  1982;  Wiche et al., 
1984), quantitative comparisons of MAP-1 and MAP-2 mRNA 
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composition (Parysek et al., 1984a) have shown that expres- 
sion of brain high molecular weight MAPs in nonneuronal 
tissues is absent or exceedingly low. A crude preparation of 
testis  microtubules  suggested that high molecular weight 
MAPs may be abundant in this tissue (Wiche et al.,  1984). 
In a preliminary report from our laboratory, high molecular 
weight MAPs, at least one of which is localized in Sertoli 
cells, were described as major components of testis micro- 
tubules. 
In this study, we describe a nonneuronal cell type, the tes- 
ticular Sertoli cell, in which there is a regular microtubule 
organization accompanied by the presence of an abundant 
high molecular weight MAP. An isolation procedure for tes- 
tis  MAPs  is  presented  along  with a  description of their 
assembly-promoting properties, heat stability,  and appear- 
ance during ontogeny in the rat. Finally, we characterize the 
major Sertoli cell high molecular weight MAP as a cytoplas- 
mic dynein similar in structure to neuronal MAP-1C. 
Materials and Methods 
General 
Unless otherwise indicated, all chemicals and reagents were obtained from 
Sigma Chemical Co. (St.  Louis, MO). Protein concentrations were deter- 
mined by the method of Lowry et al. (1951). SDS-PAGE was performed ac- 
cording to Laemmli (1970) with staining by Coomassie Brilliant Blue R or 
the silver technique as described by Merril et al. (1981). Molecular mass 
standards included rabbit muscle myosin (205 kD), Escherichia coli 13-ga- 
lactosidase (116 kD), rabbit muscle phosphorylase B (97.4 kD), BSA (66 
kD), and ovalbumin (45 kD). Electrophoretic transfer to nitrocellulose was 
performed as described by Gibson (1981) using chymotrypsin (50 ~tg/ml) 
to facilitate transfer. Primary antibodies tested were: a polyclonal antibody 
to bovine brain heat-stable MAPs (Miles Scientific, Naperville, IL), mono- 
clonal antibodies to MAP-1A and MApo2 (the generous gift of Dr.  R. B. 
Vallee; Vallee and Luca, 1985), and a second monoclonal antibody to MAP- 
2 (the generous gift of Dr. K. S. Kosik; Kosik et al., 1984).  Reactivity was 
detected using as the secondary antibody either biotinylated anti-rabbit IgG 
or anti-mouse IgG  (Vector Laboratories,  Budingame,  CA)  followed by 
peroxidase-coupled avidin (Vectastain ABC Kit) and 3,Y-diaminobenzidine 
or afffinity-purified peroxidase-coupled anti-rabbit IgG or anti-mouse IgG 
(Cappell Laboratories, Malvern, PA) followed by 3,3'-diaminobenzidine. 
Nonspecific binding was blocked with either 5 % BSA or 0.1% gelatin (Bin- 
Rad, Rockville Center, NY). Testis MAPs were tested for heat stability fol- 
lowing the procedure of Vallee  (1985). 
Sertoli Cell Morphometry 
Charles River CD rats (200  g) were anesthetized with pentobarbital, in- 
jected with heparin into the inferior vena cava,  and then perfused through 
the ascending aorta with a vasodilator solution (0.01% sodium nitroprusside 
and 0.1% procaine in Ringer's salt solution without calcium chloride) fol- 
lowed by a modified Karnovsky's fixative (2.5% glutaraldehyde, 2% formal- 
dehyde, and 1% tannic acid in 0.1 M cacodylate, pH 7.2). Tissue fragments were 
pest-fixed  in osmium tetroxide, dehydrated, and embedded in Spurr's medium 
(Electron Microscopy Sciences, Fort Washington, PA). Semi-thin sections 
were scanned for cross sections of stage VI-VIII seminiferous tubules. Thin 
sectioning yielded consistently gold-colored sections (',,90 nm in thick- 
ness). The sections were stained with lead citrate and uranyl acetate and ex- 
amined in a Philips 410 transmission electron microscope. A morphometric 
analysis was performed on the microtubules present in the columns of Ser- 
toli cell cytoplasm in the middle portion of the seminiferous epithelium, at 
the level of the spermatocyte and basal round spermatid layers.  Negatives 
of 28,800×  were examined with a 6×  magnifier fitted with a reticle scaled 
to .005 in (4.4 rim). The microtubules had an average diameter of 22 nm. 
For each microtubule, two measurements were obtained: (a) the relative an- 
gle of the microtubule, and (b) the distance from that microtubule to the 
nearest neighboring microtubule. The relative angle of a microtubule was 
defined as the absolute value of its angular deviation from the mean parallel 
direction of all microtubules measured on a given negative. The distance 
to the nearest neighboring microtubule was defined as the closest inter- 
microtubule distance observed regardless of direction. 
Germ Cell-depleted Rat Models 
Charles River CD rats (n =  6, mean body weight of 305 g) were rendered 
cryptorchid by translocating the testes from the scrotum to the abdominal 
cavity and suturing the gubernaculum testis to the anterior abdominal wall. 
Atrophic testes (mean testis weight of 0.74 g) were obtained 16 wk after sur- 
gery. Charles River CD rats (n =  8, mean body weight 185 g) were treated 
for 5 wk with 1% 2,5-hexanedione in the drinking water at an average dose 
rate of 7.1 mM/kg per d (Boekelheide, 1988a).  Atrophic testes (mean testis 
weight of 0.69 g) were obtained after a 16-wk recovery period. The normal 
adult rat testis weight is •1.7  g (Boekelheide, 1988a).  In both of these rat 
models, the testicular content of mature germ cells which contain axonemal 
structures is markedly reduced or eliminated (Boekelheide, 1988a;  Nelson, 
1951). 
Preparation of  Isolated Sertoli Cells 
Sertoli cells were isolated from 18-20-d-old rats (Chapin et al., 1987; some 
preparations were kindly provided by Dr. Robert E. Chapin, NIEHS IRe- 
search Triangle Park, NC]) and processed without culturing. The prepara- 
tion of "isolated Sertoli cells" was composed of "~45%  germ cells (sper- 
matogonia and spermatocytes) and 55% nongerm cells, as determined by 
nuclear morphology after cytospin centrifugation and staining with hema- 
toxylin and eosin. The nongerm cells were predominantly Sertoli cells with 
few Leydig cells (<2% of cells stained for the Leydig cell-specific enzyme 
activity 3-13-OH-steroid dehydrogenase; Chapin, personal communication) 
and less than 4% peritubular cells (Chapin et al.,  1987).  Crude homoge- 
hates were prepared by suspension of the isolated cells in 1 vol of extraction 
buffer  (100  mM  2[N-morpholino]ethane  sulfonic  acid  [MES],  1  mM 
EGTA, 0.5  mM MgCI2, 4  M glycerol, pH 6.75) followed by sonication. 
Isolation of  MAPs 
MAPs were isolated from Sertoli cell preparations, testes and brains of 
Charles  River CD  rats by using taxol  (kindly provided by Dr.  Mathew 
Suffness, Chief, Natural Products Branch, National Cancer Institute, Be- 
thesda, MD) to induce microtubule polymerization (VaUee, 1982).  Brains 
were processed by three strokes of a glass/Teflon homogenizer at 1,100 rpm 
in  1  vol  of extraction  buffer.  Testes  were  decapsulated  and  similarly 
homogenized in 1 vol of extraction buffer with 0.2 mM phenylmethylsulfo- 
nyl  fluoride (PMSF), 0.1  mg/ml soybean trypsin inhibitor, and 2  lag/ml 
leupeptin. The crude homogenates were centrifuged at 100,000 g for 30 min 
at 4°C. The supernatants were again centrifuged at 130,000 g  for 45 min 
at 4°C. Taxol (20 I.tM) and GTP (1 mM) were added to the resulting high 
speed supernatants and microtubule polymerization was allowed to proceed 
at  37°C  for 5  min  followed by  25  min on ice.  The  microtubules were 
sedimented at 100,000 g for 30 min at 4°C through a 25% sucrose cushion. 
The pellets were resuspended in assembly buffer (100 mM MES,  1 mM 
EGTA,  1 mM MgC12, pH 6.75) containing 20 I.tM taxol and l  mM GTP 
in 10% of the original high speed supernatant volume. The samples were 
left on ice for 5 min and then centrifuged at 75,000 g for 30 min at 4°C. 
The resulting microtubule pellets were resuspended and gently homogenized 
in 7 % of  the original high speed supernatant volume in assembly buffer with 
20 p.M taxol, 1 mM GTP, and 0.75 or 0.5 M NaCI at 37°C.  After 5 min at 
37°C, the samples were centrifuged at 75,000 g  for 30 min at 29°C. The 
MAPs were recovered in the supernatants. The addition of glycerol to the 
extraction buffer, a departure from the reference procedure (Vallee,  1982), 
approximately doubled the yield of microtubules and MAPs from the testis. 
The average yield of testis MAPs was 0.15 mg/ml high speed supernatant. 
Microtubule Asssembly 
Brain or testis MAPs, desalted by passage over a G-25 Sephadex gel filtra- 
tion column (Pharmacia Fine Chemicals, Piscataway,  NJ), were added at 
various concentrations to bovine brain tubulin (Boekelheide, 1987) present 
at a final concentration of 2 mg/ml in assembly buffer. Microtubule assem- 
bly was monitored spectrophotometrically at 37°C upon addition of 0.25 
mM GTP (Boekelheide, 1987).  After a 30-min polymerization, microtu- 
bute atiquots were negatively stained with 1% uranyl acetate and viewed in 
a Philips 410 transmission electron microscope. Microtubule depolymeriza- 
tion was induced by circulating ice-cold water through the cuvette holder 
housing of the spectrophotometer. 
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cell nuclei ('i~') with abundant apical cytoplasm surrounding de- 
veloping germ cells. The middle portion of  the seminiferous epithe- 
lium (between dotted lines) was examined morphometrically. 
Characterization of  Cytoplasmic Dynein 
Cytoplasmic dynein was isolated from bovine brain white matter and from 
rat testis as described by Paschal et al.  (1987)  with some modifications. 
Taxol (20 laM) was added to high speed supernatants prepared from tissue 
homogenates (as described above) and microtubules were polymerized for 
15 min at 37°C followed by  15 min on ice. The microtubules were cen- 
trifuged at  100,000 g through a 25%  sucrose cushion for 30 min at 4°C. 
The pellets were resuspended in assembly buffer containing 20 laM taxol 
in 10% of the original high speed supernatant volume. The samples were 
left en ice for 5 min and then centrifuged at 75,000 g  for 30 min at 4°C. 
The microtubule pellets were resuspended in the same volume of assembly 
buffer with 20 p.M taxol, 5 mM MgCI2,  and 5 mM GTP and incubated at 
room temperature for 10 min and then 5 rain at 37°C, followed by centrifu- 
gation at 75,000 g for 30 rain at 29°C. The GTP extraction procedure was 
repeated with  1 mM  MgCI2 and  1 mM GTP.  Finally,  the microtubules 
were suspended in 5 % of the original high speed supernatant volume of as- 
sembly buffer containing 20 ttM taxol,  10 mM MgCI2,  and 10 mM ATP 
and extracted as above. The average yield of ATP eluate protein was 26 I.tg 
(six isolations) and 17 p.g (two isolations) per ml of the original high speed 
supernatant from the testis and bovine brain white matter, respectively. 
Further purification of cytoplasmic dynein, achieved by sucrose density 
gradient centrifugation using the Tris-HCl buffer system (Paschal et al., 
1987),  was performed before conducting ATPase assays (Paschal et al., 
1987)  and vanadate photocleavage (King and Witman,  1987). 
Results 
Microtubule Organization in the Sertoli Cell 
Since  the  Sertoli cell  cytoskeleton undergoes  a  stage-de- 
Figure 2. Two stage VII spermatids (N, spermatid nuclei; A, sper- 
matid acrosome) surround a column of Sertoli cell cytoplasm. The 
Sertoli  cell  cytoplasm contains  abundant  microtubules  (arrow- 
heads) which are packed in a highly ordered, parallel arrangement. 
pendent cyclic reorganization (Amlani and Vogl,  1988), the 
ultrastructural examination of the Sertoli cell cytoplasm was 
confined to a few specific stages and a specific depth of the 
seminiferous epithelium.  Only the columns of Sertoli cell 
cytoplasm spanning the spermatocyte and basal round sper- 
matid layers in stage VI-VIII seminifierous epithelium (as 
defined by Leblond and Clermont, 1952) were studied (Fig. 
1). By electron microscopy, these Sertoli cell columns were 
readily distinguished  as  bands  of cytoplasm rich in  mito- 
chondria, vesicles, and cytoskeletal elements. At high magni- 
fication, abundant microtubules were observed in a qualita- 
tively highly ordered arrangement (Fig.  2). 
A morphometric analysis of Sertoli cell intermicrotubule 
distances and angular deviations was performed. A total of 
851 microtubules (range 160-493 microtubules per rat) were 
counted in three rats. The microtubules were highly parallel 
in orientation (Fig. 3). In addition, the microtubules tended 
to maintain a consistent intermicrotubule distance (Fig. 4). 
The unweighted median  closest intermicrotubule distance 
was 35.3  ±  10.2 nm (n  =  3). 
Isolation of Testis MAPs and Comparison with 
Brain MAPs 
Microtubules  were purified from testis  homogenates by a 
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for testis MAPs (SDS-PAGE, 
7%  gel,  Coomassie  Blue- 
stained).  Microtubules  were 
polymerized from a high speed 
testis supernatant (lane 1) by 
addition  of  taxol  and  GTP. 
Centrifugation  gave a micro- 
tubule-depleted  supernatant 
(lane  2)  and  a  microtubule 
pellet (lane 3). After washing 
and re-centrifugation  (lane 4, 
supernatant;  lane  5,  washed 
microtubule  pellet),  the  mi- 
crotubules were re-suspended 
in assembly buffer with taxol, GTP and NaCI. A final centrifuga- 
tion left the MAPs in the supernatant (lane 6) and microtubules in 
the pellet  (lane  7).  The locations of tubulin and high molecular 
weight MAPs (HMW) are indicated. 
Figure 3. The unweighted average percent of  total microtubules with 
the depicted relative angle was determined in columns of rat stage 
VI-VIII  Sertoli cell cytoplasm (n =  3). The relative angle of a mi- 
crotubule was defined as the absolute value of its angular deviation 
from the mean parallel direction of all microtubules measured on 
a given electron microscopic negative. 
modification of the taxol, salt-extraction method reported by 
Vallee (1982).  With  taxol-induced  polymerization,  a  wide 
variety of proteins co-purified with tubulin (Fig. 5, lane 3). 
A group of high molecular weight proteins, a major compo- 
nent  of these  co-purifying  proteins,  was  specifically  as- 
sociated with microtubules since they were not released dur- 
ing washing of the microtubule pellet (Fig. 5, lane 5).  The 
MAP preparations used in subsequent studies were obtained 
by a NaCI wash (Fig. 5, lane 6). When colchicine was pres- 
ent  during  the  isolation  procedure,  no  microtubules  or 
MAPs were isolated (data not shown). 
Testis  MAPs  were  salt  eluted  from  taxol-polymerized 
microtubules and compared to brain MAPs prepared in an 
identical manner.  Three high molecular weight MAPs,  la- 
beled HMW-1, HMW-2, and HMW-3, were clearly identified 
in all testis MAP preparations (Fig. 6). A fourth minor pro- 
tein component, exhibiting a slower electrophoretic mobility 
than the three major high molecular weight MAPs, was in- 
consistently isolated with testis microtubules.  HMW-1  ex- 
hibited a slower electrophoretic mobility than brain MAP-1. 
HMW-2 and HMW-3, the major testis high molecular weight 
MAPs in all preparations, showed electrophoretic mobilities 
slower (HMW-2) and faster (HMW-3) than brain MAP-2. 
Besides the high molecular weight MAPs,  numerous addi- 
tional proteins were isolated from both brain and testis. 
Microtubule Assembly and lmmunoreactivity of 
Testis MAPs 
Brain MAPs characteristically promote microtubule assem- 
bly in buffer systems wherein pure tubulin alone will not as- 
semble (Murphy and Borisy,  1975;  Sloboda et al.,  1976). 
Testis  MAPs  also  demonstrated  this  capacity  to  enhance 
microtubule  assembly  (Fig.  7).  Initial  rate  and  the  total 
amount of microtubule assembly increased in a concentra- 
tion-dependent fashion. The degree of microtubule assembly 
enhancement by testis MAPs was less than that achieved with 
brain MAPs (Fig.  7, compare lines D  and F).  Mixtures of 
Figure 4.  The unweighted average percent  of total microtubules 
with the depicted distance to the nearest adjacent microtubule was 
determined in columns of rat stage VI-VIII Sertoli cell cytoplasm 
(n  =  3). 
Figure 6. Comparison of testis MAPs (lane 
T) and brain MAPs (lane B) by SDS-PAGE 
on a 5 % Coomassie Blue-stained  gel. The 
positions of brain MAP-1 and brain MAP-2 
are indicated along with the three  promi- 
nent  high  molecular  weight  testis  MAPs 
called HMW-1, HMW-2, and HMW-3. 
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Figure  7.  Testis  MAPs  pro- 
mote microtubule polymeriza- 
tion. MAPs were added to bo- 
vine brain  tubulin  (2 mg/ml) 
in assembly  buffer. Microtu- 
bule  polymerization  was  in- 
duced  upon addition of GTP 
and warming to 37°C. Assem- 
bly was monitored by measur- 
ing the optical density at 350 
nm.  Testis MAPs  concentra- 
tion: (A) 0.65 mg/ml, (B) 0.85 
mg/ml,  (C)  1.3  mg/ml,  (D) 
1.7  mg/ml,  (E)  2.6  mg/ml. 
Brain  MAPs  concentration: 
(F) 1.5 mg/ml. Curve (G) was 
generated by the combination 
of  0.9 mg/ml testis MAPs plus 
0.4 mg/ml brain MAPs. 
testis MAPs and brain MAPs had an additive effect in pro- 
moting microtubule assembly (Fig. 7,  compare lines B,  C, 
and  G).  Microtubules  formed  with  testis  MAPs  had  the 
usual ultrastructural appearance when visualized by negative 
stain and were cold sensitive (data not shown). 
Brain and testis MAPs were also compared for immuno- 
logic similarities.  All  antibodies  tested,  including  a  poly- 
clonal antibody developed against brain heat-stable MAPs 
and monoclonal antibodies against brain MAP-1A and MAP- 
2, showed no reactivity with testis MAPs (data not shown). 
Heat Stability of Total Testis MAPs 
All major brain high molecular weight MAPs remain soluble 
after boiling for 5  min in 0.75 M  NaC1 with  10 mM lifT 
(Vallee,  1985). In the presence of tubulin, brain MAP-2 se- 
lectively remains soluble while MAP-1 precipitates (Vallee, 
1985).  The high molecular weight testis MAPs precipitated 
on boiling in both the presence and absence of added bovine 
brain tubulin (Fig. 8). Addition of greater amounts of bovine 
brain  tubulin  (up  to  1.2  mg/ml) or  testis  microtubules  (1 
mg/ml) did not alter the heat sensitivity of testis MAPs.  A 
minor group of proteins with molecular masses of ,,o 230 kD 
remained soluble after boiling (Fig.  8). 
Cellular Origin of  High Molecular Weight MAPs 
The testis is composed of several different cell types. The so- 
matic cells unique to the testis include the Leydig cells, Ser- 
toli ceils and peritubular cells. These somatic cells are con- 
stitutively present while the  germ cells,  beginning  with  a 
small number of primitive spermatogonial precursors,  ex- 
pand in number and mature in a well-defined time sequence 
during postnatal development of the rat testis (Clermont and 
Perey, 1957). Between postnatal days 4 and 9 spermatogonial 
mitoses take place, by day 15 spermatocyte meiosis begins, 
and by day 25  the  first spermatids appear.  The  axonemal 
structures appear after day 25 during spermatid maturation. 
Given this controlled sequence of development, the appear- 
ance  of  specific  MAPs  at  certain  times  during  ontogeny 
could provide information about the  cell type of origin of 
these proteins. 
Testis MAPs isolated from adult rats and rats of 5 (data not 
Figure 8. The heat stability of 
testis MAPs was analyzed by 
SDS-PAGE  on  a  6%  gel 
stained with Coomassie Blue. 
Testis MAPs (0.9 mg/ml) with 
or without bovine brain tubu- 
lin (lanes SO and P0: no tubu- 
lin;  lanes  $1  and  PI:  0.4 
mg/ml tubulin) were boiled in 
assembly  buffer with 0.75 M 
NaCI and  10 mM DTT for 5 
min and then centrifuged. The 
supematants (lanes SO and $1 ) 
and pellets (lanes P0 and P1 ) 
are compared  with untreated 
testis MAPs (lane A). 
shown),  10,  15, and 24 d of age demonstrated marked differ- 
ences in protein concentration and composition (Fig. 9). The 
young rats all had a prominent doublet of MAP proteins of 
molecular weight 180,000  which peaked in concentration at 
15 d. Of the high molecular weight MAPs, HMW-3 was ab- 
sent from the youngest rats and appeared as only a  minor 
band in rats 24 d old (Fig. 9, lane 24). HMW-1  and HMW-2 
were present at all ages, suggesting their origin from Sertoli, 
Leydig, or peritubular cells. 
To further establish the somatic cell origin of these high 
molecular weight MAPs,  microtubules were purified from 
germ cell-depleted rat testes. The normal adult rat testis con- 
tains many more germ cells than somatic cells (a germ cell 
to Sertoli cell ratio of greater than 27:1; Clermont and Mor- 
gentaler, 1955). We therefore used two experimental models, 
cryptorchidism and 2,5-hexanedione intoxication, known to 
enhance the relative somatic cell content of the testes. In ex- 
perimental cryptorchidism, the testes are translocated from 
the scrotal sac and held in the abdominal cavity by sutures. 
The elevated temperature of the abdominal cavity relative to 
the scrotum results in a profound loss of germ cells (Nelson, 
1951). Intoxication with 1% 2,5-hexanedione in the drinking 
water for 5  wk markedly reduces the germ cell content of 
the rat testis with the majority of animals demonstrating a 
germ cell to Sertoli cell ratio of less than 1:50 (Boekelheide, 
1988a).  Both HMW-1  and  HMW-2  were prominent MAP 
Figure 9. Testis MAPs were prepared 
from rats of various  ages  (lane  10, 
10-d-old; lane 15, 15-d-old; lane 24, 
24-d-old; lane A, adult) and analyzed 
by SDS-PAGE on a 5%  gel stained 
with Coomassie Blue. 
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and  total testis MAPs (lane  T)  were 
compared by SDS-PAGE on a 5 % gel 
stained with Coomassie Blue. 
components in these germ cell depleted preparations sup- 
porting their origin from somatic cells. 
To identify the somatic cell type of  origin of  these high mo- 
lecular.weight MAPs, microtubules were purified from "iso- 
lated Sertoli cells" derived from 18-20-d-old rats and com- 
pared with adult rat testis  MAPs  (Fig.  10).  The "isolated 
Sertoli  cells,"  though  contaminated  with  immature  germ 
cells,  contained  <2%  Leydig cells  and  <4%  peritubular 
cells. Of  the high molecular weight MAPs, only HMW-2 was 
identified as a major component of this prepubertal Sertoli 
cell-enriched preparation. 
HMW-2 is a Testicular Cytoplasmic Dynein 
Incubation of bovine brain white matter microtubules with 
ATP  and  MgCI2  specifically releases  MAP-1C,  a  protein 
complex composed of a high molecular weight protein and 
associated light chains (Paschal et al.,  1987). This protein 
complex  exhibits  microtubule-dependent  ATPase  activity 
and is  sensitive to vanadate-dependent UV photocleavage, 
properties characteristic of a cytoplasmic dynein (Paschal et 
al.,  1987). 
Testis  MAPs  were examined for the  nucleotide-depen- 
dence of their binding to microtubules. Incubation of testis 
microtubules with 1-5 mM GTP or 10 mM 5'-adenylylimi- 
dodiphosphate (a nonhydrolyzable  ATP analogue) plus equi- 
molar MgCI2 failed to release significant amounts of high 
molecular weight  MAPs  (data  not  shown).  On  the  other 
hand,  incubation  with  10  mM  MgCI2  and  10  mM  ATP 
resulted in the dissociation of HMW-2 and numerous lower 
molecular weight proteins from microtubules (Fig.  11, lane 
2).  Many of the ATP-released testis MAPs were similar to 
ATP-released brain MAPs in electrophoretic mobility (Fig. 
11, compare lanes 1 and 2). 
ATP extracts of testis and brain microtubules were further 
purified  by  sucrose  density  gradient  centrifugation.  The 
HMW-2 and MAP-1C protein complexes eluted in the same 
fractions of a 5-20% sucrose gradient, thus exhibiting simi- 
lar sedimentation coefficients. Several of the proteins which 
co-fractionated in  the  sucrose gradient with  HMW-2  and 
MAP-1C  demonstrated  identical electrophoretic mobilities 
(Fig.  11, compare lanes 3  and 4).  Particularly noteworthy 
was a 90-kD protein found in both testis and brain prepara- 
tions (reported as 74 kD by Paschal et al., 1987). A  173-kD 
Figure 11.  Taxol-induced bovine 
brain white matter and rat testis 
microtubules were extracted with 
5 mM MgC12 with 5 mM GTP 
followed by  1 mM  MgCI2 with 
1 mM GTP and finally 10 mM 
MgC12 with 10  mM  ATE  The 
ATP eluates (lane 1: brain; lane 2: 
testis) and the peak fractions 0ane 
3: MAP-1C; lane 4: HMW-2) of a 
5-20%  sucrose density gradient 
centrifugation  of  these  eluates 
were analyzed by SDS-PAGE on 
a 6% silver-stained gel. 
protein was  present  as  a  prominent component in  testis- 
derived material and could be visualized as a  very minor 
component on silver stained gels of brain-derived material. 
This 173-kD protein was partially released when testis mi- 
crotubules  were  extracted  with  5  mM  GTP  and  5  mM 
MgC12,  1 mM GTP, and 1 mM MgCI2, or 10 mM 5"adenyl- 
ylimidodiphosphate plus  10 mM MgCI2 (data not shown). 
Microtubule-activated and microtubule-independent ATP- 
ase activity was determined in the sucrose gradient fractions 
of ATP-released testis MAPs (Fig.  12). A low level of ATP- 
ase activity was observed in all fractions with the peak of 
ATPase activity coinciding with the HMW-2 fractions. The 
ATPase activity in the HMW-2 fractions was stimulated ap- 
proximately  twofold  by  the  addition  of  taxol-stabilized 
microtubules. The specific activity of the microtubule-acti- 
vated ATPase averaged  171  nmol/min per mg  (four isola- 
tions) in the peak HMW-2 fractions. 
Pharmacological studies were carried out to analyze the 
properties of the ATPase activity associated with HMW-2. 
Vanadate,  a known inhibitor of dynein ATPases (Gibbons et 
al.,  1978),  significantly  inhibited  the  ATPase  activity  of 
HMW-2 at micromolar concentrations (Table I). Erythro-(2- 
hydroxy-3-nonyl)adenine, an  inhibitor of dynein ATPases 
(Penningroth et al.,  1982) and a specific inhibitor of retro- 
grade axonal transport (Forman et al.,  1983), only inhibited 
the ATPase activity if present in large excess over ATP. The 
lack of significant inhibition of the HMW-2 ATPase activity 
by azide, oligomycin, and ouabain demonstrated the absence 
of mitochondrial and Na+/K+ ATPases in the preparation. 
To further establish the dynein-like character of HMW-2, 
this protein was UV irradiated in the presence of vanadate 
and  ATE  Vanadate-dependent  photocleavage  of  HMW-2 
(Fig.  13) gave rise to two high molecular weight fragments 
of 210,000 and 250,000 which showed the same electropho- 
retic mobility as the photocleavage fragments derived from 
MAP-1C (reported as 185,000 and 225,000 by Paschal et al., 
1987). 
ATPase activities were also determined in ATP eluates of 
microtubules isolated from the testes of germ cell depleted 
The Journal of Cell Biology, Volume  107, 1988  1772 Table L Sensitivity of Testicular HMW-2 ATPase Activity 
to Various Inhibitors 
Inhibitors 
(concentration)  ATPase activity 
% 
None  100 
Vanadate (5  llM)  75 
Vanadate (50  IxM)  58 
EHNA (0.4 mM)*  106 
EHNA (4 mM)*  7 
Azide (1.0  mM)  93 
Ouabain (0.1 mM)  97 
Oligornycin (25 IIM)  95 
ATPase activity was determined for testicular HMW-2 after purification  by su- 
crose density gradient centrifugation.  HMW-2 was preincubated  with the inhib- 
itors for 30 min at room temperature followed by an incubation with 0.4 mM 
ATP for 30 min at 37°C (Paschal et al.,  1987). 
* EHNA, erythro-(2-hydroxy-3-nonyl)adenine. 
m 
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2  4  6  8  10  12  14  16  18  20 
Fraction  Number 
Figure 12. Fractionation of an 
ATP extract of testis microtu- 
bules  by  a  5-20%  sucrose 
density  gradient  centrifuga- 
tion.  (Top) Sucrose  gradient 
fractions  (numbered  starting 
at the bottom of the gradient) 
were analyzed by SDS-PAGE 
on  a  5%  silver-stained  gel. 
(Bottom) The ATPase activity 
in the absence  (e) and pres- 
ence  (,,)  of  taxol-stabilized 
microtubules  (4  mg/ml)  was 
determined in the sucrose gra- 
dient fractions. The peak ATP- 
ase activity co-purified with the 
peak of HMW-2 (fraction 5). 
rats (treated by experimental cryptorchidism or 2,5-hexane- 
dione intoxication).  These ATPase activities were microtu- 
bule-stimulated and inhibited by 50 laM vanadate.  In addi- 
tion,  ATP eluates  of HMW-2  isolated  from whole  testes, 
germ cell-depleted testes and Sertoli cell-enriched prepara- 
tions shared the same vanadate-dependent UV photocleavage 
pattern, confirming the identity of the protein isolated from 
Sertoli cells and whole rat testis (data not shown). 
Discussion 
The morphometric analysis of Sertoli cell microtubules indi- 
cated  an  ordered  packing  of  these  cytoskeletal  dements 
within cytoplasmic processes. The Sertoli cell microtubules 
were largely parallel to one another and were predominantly 
spaced between one and two microtubule diameters apart. 
Few microtubules were greater than 100 nm apart. Short in- 
termicrotubule distances can be explained, at least in part, 
by superimposition within the two-dimensional image of the 
electron microscopic negative. The overall regular spacing 
of these microtubules suggested the presence of microtubule- 
bound spacer molecules. 
Taxol-induced microtubule polymerization and  salt elu- 
tion were used to isolate testis MAPs. Total testis MAPs were 
capable  of promoting  microtubule  polymerization.  Three 
high molecular weight MAPs were observed with the major 
component called HMW-2. The testis high molecular weight 
MAPs  had  electrophoretic  mobilities  similar  to  those  of 
brain MAP-1 and MAP-2. However, the testis and brain high 
molecular weight MAPs shared no immunologic similarities 
as determined with a polyclonal antibody to brain heat-stable 
MAPs and monoclonal antibodies to MAP-1A and MAP-2. 
The testis high molecular weight MAPs were also heat sensi- 
tive,  distinguishing  them  from brain  MAP-1  and  MAP-2 
(Vallee,  1985).  Indeed, only a minor group of testis MAPs 
was heat stable; their electrophoretic mobility was consistent 
with that of the heat  stable MAP-4  isoforms known to be 
present in the testis (Parysek et al.,  1984b). 
HMW-1  was observed at all time points examined during 
postnatal development while detection of HMW-3 required 
the presence of maturing germ ceils within the testis. HMW-3 
was absent in 10- and 15-d-old rat testes, absent in 18-d-old 
rat Sertoli cells, and present as a minor component in 24-d--old 
rat testes. During ontogeny in the rat, day 25 represents the 
Figure 13.  Sucrose density gradient purified HMW-2 was UV ir- 
radiated for 0, 10, 30, 90, and 180 min (lanes 0, 10, 30, 90, and 180) 
in the presence of 0.5 mM DTT and 1 mM ATP with 1 mM vana- 
date  (left) or without  vanadate  (righO. The vanadate-dependent 
photocleavage products (250 and 210 kD) of HMW-2 are analyzed 
by SDS-PAGE on a 6% silver-stained gel. 
Neely and Boekelheide  Testicular  Microtubule-associated  Proteins  1773 time at which the first spermatids and the first axonemal ele- 
ments begin to appear  in the testis (Clermont and Percy, 
1957). Three explanations can be offered concerning the ori- 
gin of HMW-3: (a) this high molecular weight MAP is a pro- 
tein synthesized by meiotic or post-meiotic germ cells, (b) 
HMW-3 is a Sertoli cell MAP induced by the presence of 
maturing  germ  cells,  and  (c)  HMW-3  is  an  acrosome- 
dependent breakdown product of HMW-2 (the acrosome is 
a  spermatid  organelle  replete  with  proteolytic  enzymes 
[Morton,  1976]). Additional structural studies and protein 
isolations from the various testicular cell types will be re- 
quired to discriminate among these possibilities. 
Three lines of evidence have identified HMW-2 as a Sertoli 
cell MAP. First, HMW-2 was present by postnatal day 5, the 
earliest time point examined in a study of  the ontogeny of tes- 
tis MAPs. At this age, the testis is composed predominantly 
of somatic cells (Sertoli cells, Leydig cells, and peritubular 
cells) with a few primitive germ cells which contain no axo- 
nemal structures.  The ratio of germ cells to  Sertoli cells 
within the seminiferous tubules at postnatal day 5 is ,,o1:24 
compared to the adult ratio of greater than 27:1 (Clermont 
and Morgentaler, 1955; Clermont and Perey, 1957). Second, 
HMW-2 was the predominant high molecular weight MAP 
found in the germ cell-depleted testes of rats treated by ex- 
perimental cryptorchidism or 2,5-hexanedione intoxication. 
Both of these treatments result in a profound loss of germ 
cells from the testes and virtual elimination of the mature 
germ cells (spermatids) which contain axonemal structures 
(Boekelheide, 1988a; Nelson, 1951). The presence of HMW-2 
in the testes of the 5-d-old rat as well as in germ cell-depleted 
testes strongly supports a somatic cell type of origin for this 
protein. Finally, when MAPs were isolated from an enriched 
Sertoli cell preparation, which contained few contaminating 
Leydig cells and peritubular cells, HMW-2 was the predom- 
inant protein observed  indicating origin  from the  Sertoli 
cells. 
In examining nucleotide-dependent binding of testis MAPs 
to testis microtubules, we found that HMW-2 was quantita- 
tively  dissociated  from  microtubules  by  ATP. HMW-2 
showed the  same  electrophoretic  mobility as  MAP-1C,  a 
microtubule-associated dynein isolated  from brain  white 
matter (Paschal et al., 1987). Both HMW-2 and MAP-1C had 
multiple co-purifying light chains, several of similar elec- 
trophoretic mobility. A prominent protein of 173 kD which 
co-purified with HMW-2 was observed as only a minor pro- 
tein  in  association with  MAP-1C. Based  upon  molecular 
mass,  sedimentation coefficient, and its dissociation from 
microtubules incubated with 5'-adenylylimidodiphosphate, 
this  173-kD  protein  differs from kinesin,  another known 
microtubule-associated ATPase (Brady,  1985;  Vale et al., 
1986).  After purification by sucrose density gradient cen- 
trifugation, the specific activity of the HMW-2 ATPase aver- 
aged 171 nmol/min per mg, 2 times lower than that of MAP-1C 
(Paschal et al.,  1987).  UV  irradiation in the presence of 
vanadate and ATP resulted in the cleavage of HMW-2 into 
two fragments identical to those produced by the cleavage of 
MAP-1C. 
ATP-dependent release from microtubules, microtubule- 
stimulated ATPase activity, inhibition of ATPase activity by 
vanadate and erythro-(2-hydroxy-3-nonyl)adenine,  vanadate- 
sensitive photocleavage, and lack of inhibition of ATPase ac- 
tivity by azide, oligomycin and ouabain identify HMW-2 as 
a dynein. The motility of the dynein-like translocator of bo- 
vine brain,  MAP-IC,  was also  inhibited by vanadate and 
erythro-(2-hydroxy-3-nonyl)adenine, but  not  by  azide  or 
ouabain (Paschal and Vallee,  1987). The ATPase activity of 
two nonmammalian cytoplasmic organelle motors isolated 
from the nematode C. elegans (Lye et al.,  1987) and from 
the  giant  amoeba Reticulomyxa (Euteneuer et  al.,  1988) 
showed a  similar pattern of inhibitor sensitivity. HMW-2 
therefore expresses the same pattern of pharmacologic sus- 
ceptibility as other dynein-like cytoplasmic motors. 
The Sertoli cell is a polar cell that actively secretes many 
proteins into the seminiferous tubular lumen (Rich and de 
Kretser,  1983).  For example, transferrin is taken up at the 
basal Sertoli cell plasma membrane by receptor-mediated 
endocytosis (Morales and Clermont, 1986), iron is shuttled 
across the cell and subsequently secreted as testicular trans- 
ferrin from the apical surface (Djakiew et al., 1986). Within 
the Sertoli cell cytoplasm, abundant membranous organelles 
are co-distributed with microtubules (Vogl et al.,  1983a). 
Sertoli cell microtubules are crucial to the intracellular trans- 
port of smooth endoplasmic reticulum and likely play a role 
in translocation of germ ceils within the seminiferous epithe- 
lium (Vogl et al.,  1983b).  Filamentous links have been ob- 
served ultrastructurally which connect nearby Sertoli cell 
microtubules and vesicles (Russell, 1977).  HMW-2 may be 
the cytoplasmic microtubule motor responsible for one or 
more of these intracellular transport pathways. 
This is the first in-depth study of high molecular weight 
MAPs in a mammalian nonneuronal tissue. We initiated this 
examination of the Sertoli cell cytoskeleton because of ear- 
lier qualitative morphological reports of a similarity in the 
microtubule organization of the axon and Sertoli cell pro- 
cesses (Fawcett,  1975; Vogl et al., 1983a,b). We have studied 
morphological, structural and functional properties of Ser- 
toli cell microtubules and observed a  regular microtubule 
distribution, an abundance of high molecular weight MAPs 
and  the  presence  of a  microtubule-activated cytoplasmic 
dynein, features characteristic of the neuronal cytoskeleton. 
The testis and the nervous system also share a susceptibility 
to a group of toxicants, including the acrylamides, 13,1Y-imi- 
nodipropionitrile, carbon disulfide, hexacarbons, and chron- 
ically administered organophosphate esters.  The common 
biologic feature which renders the nervous system and the 
testis uniquely vulnerable to this toxic injury is unknown. In 
most instances, the proposed subcellular target for injury is 
the cytoskeleton (Boekelheide, 1988b;  Genter et al.,  1987; 
Gottfried et al.,  1985;  Miller and Spencer,  1985;  Papaso- 
zomenos et al., 1981; Seifert and Casida, 1982). Indeed, an 
effect upon axonal transport is common to many of these 
toxic agents (Miller and Spencer, 1985; Reichert and Abou- 
Donia, 1980; Weiss and Gorio, 1982). At least with the hexa- 
carbons, the target cell for injury in the testis is the Sertoli 
cell  (Boekelheide,  1988a;  Chapin  et  al.,  1983).  These 
results lay the groundwork for an investigation of the follow- 
ing hypothesis: some toxicants which selectively injure the 
testis and nervous system do so by disruption of a shared mi- 
crotubule-related function. 
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